ABSTRACr
Breidenbach and Waring (1) reported that tomato cells maintained below 10°C for 6 d turned brown and died, with the extent of browning and death increasing as the temperature was decreased below 10°C. They reported that tomato cell cultures exhibit a susceptibility to chilling similar to that of tomato seedlings. Such results imply that chilling injury of tomato plants is a cellular phenomenon, and that cell cultures are a useful model system to study the mechanism of chilling injury of tomatoes. There are other reports that cell cultures can be used to study the biochemical aspects of the response of plant cells to low temperature (2, 4, 10, 16, 22) , although efforts to use cell cultures to select chilling-resistant cell lines, and then regenerate chilling-resistant plants, have not yet been successful (5, 19) . We have exposed tomato cell cultures to temperatures below 10°C with the intention of investigating the stages of chilling injury that lead to death.
L. hirsutum is a close relative ofthe domestic tomato. It occurs up to altitudes above 3000 meters in the Andes, where nightly exposure to chilling temperatures is reportedly common (12, 14) . L. hirsutum is reported to show greater tolerance to chilling temperatures than the domestic tomato (3, 7, 12-15, 18, 20) . Therefore, we tested cell cultures of a high-altitude accession of L. hirsutum to determine ifthere was any difference in the effect of chilling temperatures on its cells and on cultured cells of L. esculentum. ' (Fig. 1) . Fluorescein diacetate staining correlated with ability to plasmolyze in a hypertonic medium and with lack of staining by phenosaffranin. The only instance of significant cell death was in latestationary phase cell grown at 28°C (not shown).
Many observations were made of the microscopic appearance of the cells. Cells grown at 28°C had large vacuoles, many cytoplasmic strands crossed the vacuoles, and the nucleus was suspended in the center of the vacuole by cytoplasmic strands. There was vigorous cytoplasmic straming around the periphery of the cell, across the vacuole, and around the central nucleus. Cells maintained at 8°C for 4 d or more also had a large central vacuole, but few cytoplasmic strands crossed the vacuole. Instead, most of the cytoplasm was restricted to the periphery of the cell, and the nucleus was in the peripheral cytoplasm instead of the center of the cell.
Attempts were made to determine a minimal temperature for survival, below which cells died. However, even if the cells were maintained at 0°C in an ice bath for 1 week, they still showed rapid regrowth when transferred back to 28°C (Fig. 2) (Fig. 3) . If the cells were transferred from 28'C to cooler temperatures during the early exponential phase of growth, the results were more variable ( Fig. 4 ; Table I ). Cells of L. esculentum cv VF36 stopped growth for approximately 50 h when transferred to 12°C, then resumed growth, with a doubling time 1.5 to 4 times longer than at 28°C (Table I ). In the experiment shown in Figure 4 when collected on a Buchner funnel. The difference in appearance was not reflected in fresh weight, yield of protein, yield of membrane, or yield of proton transport activity of microsomal membranes collected from the cells. Cell cultures of both species gave a similar yield in terms of fresh weight, total protein, and individual membrane fractions (6) . Because the L. hirsutum cells were white and the L. esculentum cells grey when maintained for 2 weeks at 9°C, we tested whether the L. esculentum cells might have increased levels of phenolics or other low mol wt solutes. Extracts of the cells were examined for the presence of methanol extractable fluorescent or ninhydrin positive solutes (such as amino acids and polyamines). However, both species showed a large increase in such solutes when cells were chilled.
Experiments using whole plants of L. esculentum and two accessions of L. hirsutum were carried out to examine the extent of the differences that can be observed in whole plants of a lineage similar to that of the cell cultures. One to 2-month-old plants, from 30 to 60 cm high were transferred from the greenhouse to growth chambers and kept for 3 weeks with day temperatures of 25°C and night temperatures of either 20°C or 8°C.
The day length was 13 h, and temperatures were ramped from the day temperature to the night temperature for a period of 4 (15) , minimum temperature for seed germination (13, 14) , and growth (20). Smillie and Nott (18) both species when exposed to a chilling regime of 12C days, 5°C nights, though less reduction for a high altitude accession of L. hirsutum than for a low altitude accession of L. hirsutum. None of the findings cited above are inconsistent with our claim that cell lines of L. esculentum and L. hirsutum both had a similar "low temperature limit to growth."
It has been suggested that an important phenomenon to be examined in chilling injury is the low temperature limit to growth (17) . We observed such a limit for the suspension cultures of tomato cells, as none of the cell lines we tested maintained growth below 12C. Our results suggest that the primary lesion of chilling injury of tomatoes may be one that prevents a critical step in cell division or cell expansion. The cells are not killed, however, instead, chilling the cell suspensions preserves them in a nongrowing state. The cells may be protected by the sterile nutrient medium from the secondary effects of chilling that kill the cells of the intact plant, such as eventual nutrient imbalance, desiccation, disease, or malfunctioning of phloem transport. It is not possible to use the cell cultures to explore all aspects of chilling injury of intact plants. For instance, chilling injury of tomato plants is influenced by the time of day at which the chilling stress is applied (8) and by RH (7) . However, the suspension cultures may be a useful system to separate the primary causes of chilling injury from the secondary effects that make it difficult to study chilling injury of whole plants. LITERATURE CITED 
